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We report on lateral spin Seebeck transport of electron spin packets which are optically generated 
by ps laser pulses in the nonmagnetic semiconductor n-GaAs. Spin Seebeck transport is driven 
by a local temperature gradient induced by an additional cw heating laser and is probed by the 
spatio-temporal evolution of the spin packets using time-resolved Faraday rotation. We demonstrate 
that the laser-induced spin drift is of electronic origin, i.e. it is driven by a non-equilibrium hot 
electron distribution without involvement of phonon drag effects. Combined with additional spin 
drift experiments of electric field-driven spin transport, we estimate the phonon-drag-free spin See¬ 
beck coefficient to |5 S | « 170 pV/K and furthermore directly verify the validity of the non-classical 
Einstein relation for moderately doped semiconductors at low temperatures. 


Spin transport is a fundamental process of spintronic 
devices as spin injection, manipulation and detection 
usually take place in different parts of a device [lH9] - In 
n-GaAs, electric field-driven spin transport was observed 
over distances > 100 pm at 5 K in nni nu, while re¬ 
cently even room-temperature spin transport over 37 pm 
was reported in a GaAs quantum well |T2] • With the dis¬ 
covery of the spin Seebeck effect (SSE) 13], a new possi¬ 
bility of creating spin currents by temperature gradients 
was demonstrated, initiating the field of spin caloritron- 
ics mm- The SSE is intensively studied in magnetic 
metals, semiconductors and insulators mmna where 
a phonon-mediated, out-of-equilibrium magnon distribu¬ 
tion relaxes via a spin pumping effect into an attached 
paramagnetic metal that converts the resulting spin cur¬ 
rent into a detectable voltage by the inverse spin Hall 
effect (ISHE) [IH1EE5]. A giant SSE in the non-magnetic 
semiconductor InSb was explained by the same processes, 
except that here the phonon-mediated out-of-equilibrium 
magnetization is carried by a magnetic field-induced spin 
polarization of conduction band (CB) electrons [2D]- Ex¬ 
ploring the SSE in magnetic layers via the ISHE was 
found to be influenced by the temperature profile in the 
underlying substrates and to be easily masked by other 
thermo-spin effects 21] [22] . While the magnon-driven 
SSE has been identified unambiguously in longitudinal 
geometry ]23] where the temperature gradient points out- 
of-plane, i.e. perpendicular to the ferromagnetic layer, it 
is still under discussion for experiments in lateral geom¬ 
etry with an in-plane temperature gradient. 

Here, we take advantage of the spatial and temporal 
resolution of optical pump-probe experiments to directly 
map lateral transport of electron spin packets driven by 
laser-induced local temperature gradients in n-GaAs re¬ 
vealing hot electron-driven lateral spin Seebeck transport 
without phonon drag contributions. The spin Seebeck 
transport parameters such as the spin drift velocity v s , 
the spin diffusion coefficient D Sl and the spin clephasing 
time TJ are compared to corresponding values from elec¬ 
tric field-driven spin transport experiments. In addition 


to the determination of the spin Seebeck coefficient, the 
latter experiments allow to verify the non-classical Ein¬ 
stein relation which was predicted for moderately doped 
semiconductors at low temperatures [24] J25] . 

The GaAs sample is Si-doped close to the metal-to- 
insulator transition (MIT) with n = 2 x 10 16 cnW 3 pro¬ 
viding spin dephasing times exceeding 100 ns at low tem¬ 
peratures [261 - I28] . A specimen of 2 mm x 14 mm x 
350 pm with electrical contacts at its ends is mounted 
in a helium flow cryostat. As depicted in Fig. [I] 
(a), electron spins are excited by circularly polarized 
ps pump-pulses and measured by Faraday rotation 9p 
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FIG. 1. (a) Optical pump-probe setup to measure lateral 

spin transport in laser-induced temperature gradients or ap¬ 
plied E fields in GaAs. (b) PL spectra and fits of the (e, A 0 ) 
transitions (red lines) at different Tl- The fit range is indi¬ 
cated by the grey area, (c) T e vs Tl- Below Tl ~ 35 K the 
electron system becomes hotter than the lattice creating a T 
gradient of dT/dx ~ 0.5 K/prn at Tl = 6 K. 
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FIG. 2. (a) RSA traces for different pump-probe separations Ax, measured at Tl = 6 K with the heating laser at £# = 25 pm. 

(b) The amplitude of each spin packet, characterized by its specific age t„ = nT Tep , is given by the integrated FFT resonances 
(colored and grey points). Both RSA traces and FFT spectra are offset for clarity, (c) The lateral spin profiles are reconstructed 
from the integrated FFT resonances, as indicated by the red, green and blue arrows. The centers of the spin packets (black 
dots) shift away from the heating laser spot (broken black line), (d) The center shifts x c (t ) of the spin packets change sign 
with the direction of the T gradient which is controlled by the heating laser position. At = 0, no shift is observed as the 
average T gradient in the probe area is zero. Lines are linear fits x c {t) = v s t. 


of time-delayed, linearly polarized probe pulses from a 
wavelength-tunable Ti:sapphire laser [29| . Pump and 
probe pulses are focused to 24 pm FWHM spots onto the 
sample with the pump being positioned at variable dis¬ 
tances Aa" from the probe, allowing for spatio-temporal 
scans of the spin profile. 

Local temperature gradients are created by a 100 mW 
cw heating laser with Eh = 2.33 eV that is focused to a 
35 pm spot onto the sample at variable distances E,h from 
the probe spot, locally heating the electron system by hot 
carrier excitation into the CB while leaving the lattice al¬ 
most unaffected [SO]- The local electron temperature T e 
is determined from photoluminescence (PL) spectra after 
low intensity excitation (0.1 mW), as shown in Fig. 0(b) 
for lattice temperatures Tl = 10, 20 and 30 K. The CB- 
to-acceptor transitions (e, A 0 ) at the high-energy side of 
the main emission line around 1.495 eV can be fitted by 
spectral profiles 1(E) oc D(E) ■ f(E,T e ) (red lines), given 
by the CB occupation function with D(E ) being the den¬ 
sity of states and f(E,T e ) the Fermi function [3Tj. The 
extracted T e values are plotted as a function of Tl in Fig. 
[l] (c). The strongest deviation AT between T e and T^is 
23 K at Tl = 6K which decreases for larger Tl and van¬ 
ishes at Tl ~ 35 K due to efficient thermalization of the 
hot electrons with the lattice by optical-phonon emis¬ 
sion HE GUI- For the following we assume a T e profile 
with the Gaussian shape of the heating laser spot but 
slightly increased width an due to electronic heat diffu¬ 


sion, T e (Ax, £ h ) =T l + AT ■ exp [-(Ax - €h) 2 /(2<Th)\ 
m- Thus, temperature gradients of ss 0.5 K/prn can be 
achieved by local laser heating. 

For the investigation of lateral spin Seebeck transport, 
we measure resonant spin amplification (RSA) [llJJ, [25] 
by magnetic field (B) dependent Faraday rotation (with 
details given in the Supplemental Material) for various 
pump-probe separations Ax. In Fig. [2] (a) we show 
a series of RSA measurements for a heating laser dis¬ 
tance £h = 25 pm (see also Fig. [lja)) at a fixed pump- 
probe delay of At = —50 ps, revealing the B depen¬ 
dent superposition of Larmor precessions of the opti¬ 
cally injected spin packets from adjacent pump pulses, 
9 f (A x,B) = X]^° =1 6» n (Ax) ■ cos(g^ B Bt n /h), with the 
electron g-factor g, Bohr’s magneton g ,b and Planck’s 
constant h. Each spin packet is characterized by its spe¬ 
cific age t n = nT rep +At , with the laser repetition interval 
T rep = 12.5 ns, and therefore precesses with its specific 
frequency uj n = ggBt n /h about the B field direction. Be¬ 
cause | At | < Ij-ep, the RSA traces can be treated as a 
Fourier series with coefficients 


0n(Ax) 


q 0 . e WTT (Ax — v s t n ) 2 ' 

1 + D s t n /a 2 6P 4cr 2 + 4D S t n _ 


(1) 


that describe transport of a 2D Gaussian spin packets 
with spin drift velocity v s , spin diffusion constant D s 
and spin dephasing time T£. a ss 10 |xm is the Gaus¬ 
sian width of both ps laser spots. Consequently, the fast 
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Fourier transformation (FFT) of the RSA scans in Fig. 
1(b) shows resonances which are the amplitudes 9 n (Ax) 
of the spin packets n = 1, 2, 3 etc. at the pump-probe 
separation Ax. As each spin packet has its specific age 
t n = nT lep , the FFT spectra directly show the time evo¬ 
lution of the spin polarization at Ax. While the spin 
amplitude decreases most rapidly at Ax = 1 pm (up¬ 
per curve in Fig. 1 (b)) due to the combined effects 
of spin diffusion and dephasing away from the center, 
the decrease becomes less at larger |Aai| (lower curves 
in Fig. 1 (b)) as the effect of spin depliasing is par¬ 
tially compensated by diffusion of the spins to the edge 
of the spin packet. By plotting the integrated FFT res¬ 
onances of each spin packet vs Ax, see Fig. 1 (c), we 
can reconstruct the lateral profiles of the spin packets at 
t n that show their spatio-temporal evolution. The cen¬ 
ters of the spin packets (black dots) move away from the 
heating laser centered at (broken black line), revealing 
heat-induced spin drift. From Gaussian fits to the lateral 
profiles (continous lines), the parameters v a , D s and T 2 
can be extracted from the center shifts x c (t) = v s t, the 
broadening 2 w(t) 2 = 4<r 2 + 4D s f and the decrease of the 
amplitude 9 n (t ) = 9$/[\ + D s t/a 2 } exp (—t/T 2 ), respec¬ 
tively. Fig. [2] (d) shows the temporal evolution of x c of 
the spin packets for different heating laser positions £#. 
When the heating laser is moved from £# = +25 pm to 
£h = —36 pm, there is a sign reversal of the T gradient. 
This results in a reversal of the drift direction as the spin 
packets always drift away from the heating laser which 
is expected from spin Seebeck transport. At !;h = 0, no 
significant spin drift is observed as the averaged T gradi¬ 
ent in the probe area is zero. Within the error bars, we 
are able to resolve center shifts of ss 0.5 pm even with 
laser spots of Gaussians widths of a « 10 pm. 

We next explore the dependence of the spin parameters 
on the heating laser position in Fig. [3] (a)-(c) for two 
excitation energies E l = 1.497 eV (filled squares) and 
1.474 eV (open squares), corresponding to the (e, A 0 ) and 
(D°,A°) transitions in Fig. [Tj (b), respectively. For both 
Tl, |v s | first increases with increasing distance of the 
heating laser, reaching a maximum of |u s | « 1000 cm/s 
at £/./■ « 25 pm, and decreases afterwards. The sign 
of v s changes with the inversion of E,h- This behavior 
results from the profile of the local T gradient which is 
averaged over the probe spot at Ax = 0. The black line 
in Fig. [3] (a) is a plot of 


v s oc ( dT/dx) oc AT • (—£#)exp 


a 


[ 2K + ^)J 


( 2 ) 


with <jh = 23 pm (corresponding to 54 pm FWHM). 
The data clearly follow this model which confirms the 
observation of lateral spin Seebeck transport. In con¬ 
trast to v s , both D s and T 2 show a symmetric depen¬ 
dence on £ H . While D s is lowest around = 0 and 
increases with larger distance of the heating laser, the 
opposite behaviour is observed for T 2 . This is surprising, 
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FIG. 3. (a)-(c) Spin transport parameters v s , D s and T 2 vs 

heating laser position at Tl = 6 K with Eraser = 1.497 eV 
(filled squares) and 1.474 eV (open squares). The black line 
in (a) is a calculation by Eq. §}■ (d)-(g) \v s \, S s , D a , and T 2 
extracted from spin Seebeck measurements with = 25 pm 
(black squares) and from electric field-driven spin transport 
measurements with E x = 2.72 V/cm (green squares) vs Tl. 
The red data in (d) is the electron temperature increase AT, 
which exhibits the same T dependence as |v s |. Inset: jaJ vs 
heating laser power Ph- The black line is a plot of eq. li¬ 


as T 2 is expected to decrease with higher T and should 
thus be lowest at £# = 0. The behavior of D s and T| 
may be attributed to the large electron and hole densi¬ 
ties excited by the heating laser, which might reduce spin 
diffusion due to enhanced electron-electron and electron- 
hole scattering and increase T 2 by reducing SOC-induced 
spin dephasing due to screening of charged impurities. 
The overall larger D s values and lower T| times ob¬ 
served for Tl = 1.497 eV (filled squares) indicate that 
the spins might occupy CB states, while for 1.474 eV 
(open squares) less mobile states in the donor band (DB) 
might be excited [271 E 31 ■ 

The strongest verification of spin Seebeck transport is 
given by the dependence of v s on Tl (black squares in 
Fig. 0 (d)) which was measured with the heating laser 
at £,h = +25 pm (see arrow in Fig. [ 3 ] (a)). Most strik¬ 
ingly, |u s | shows the same dependence on T L as the elec¬ 
tron temperature increase AT measured from PL (red 
data), confirming eq. |2]). Although PL was measured 
under low-intensity (Ph = 0.1 mW) of the heating laser 
(compared to 100 mW used for the spin Seebeck mea¬ 
surements), the inset of Fig. [3] (d) indicates that spin 
drift is already in saturation for Ph > 0.1 mW, justify¬ 
ing the comparison of |i' s | and AT. The saturation re- 
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suits from the fact that the mean electron excess energy 
per absorbed photon from the heating laser, e, will be 
rapidly distributed among the whole electron system due 
to electron-electron-scattering, creating a thermal distri¬ 
bution with temperature T e . Therefore, the laser-induced 
temperature increase follows m 


AToc 


n + riH 


oc 


Ph 

Ps + Ph 


(3) 


with n and rip denoting the electron densities from dop¬ 
ing and from optical excitation, respectively, and Ps be¬ 
ing the saturation power. The black line in the inset of 
Fig. [3] (d) is a plot of eq. ([3| with Ps = 40 pW. The de¬ 
pendencies of v s on £#, Tl and Ph proove that spin drift 
originates from a local T gradient generated by a hot elec¬ 
tron distribution as described by eqs. § and Other 
possible sources for spin drift, i.e. a laser-induced elec¬ 
tron density gradient and a phonon-drag effect from the 
phonon emission during electron relaxation, can be ex¬ 
cluded as they should be independent of Tl and linearly 
dependent on Ph- 

The spin Seebeck coefficient can be estimated by com¬ 
paring thermally-driven spin drift velocities with those 
from electric field-driven spin transport measurements, 
which were additionally measured with electric fields ap¬ 
plied along the x-direction without the heating laser (see 
Fig. [I] (a)). Fig. [4] (a) shows a linear dependence of v a = 
fj, s E x with a spin mobility of p s = 1160 cm 2 V _1 s _1 . The 
maximum spin Seebeck drift velocity |u fl | ss 1000 cm/s in 
Fig. ! (a), which was measured at £h = 25 pm with 
( dT/dx) ~ 0.5 K/pm, is obtained in E field-driven ex¬ 
periments at E x = 0.86 V/cm (see Fig. |4] (a)), from 
which we estimate |5 S | « 170 pV/K. The small T depen¬ 
dence of | S s in Fig. |( e) reaffirms that our spin Seebeck 
effect is purely driven by a hot electron distribution with¬ 
out involvement of phonon drag effects in contrast to the 
charge-based Seebeck effect measurements (35| 136]. 

The dependence of D s on T L (Fig. [3] (f)) is the same 
for both experiments indicating that spin diffusion is in¬ 
dependent of AT and E x . The measured T% times in 
E field-driven spin transport (Fig. [ 3 ] (g)) strongly differ 
at Tl = 6 K for both laser excitation energies, in accor¬ 
dance with the thermal equilibrium values at large \!;h\ 
from the spin Seebeck measurements in Fig. [ 3 ] (c). This 
indicates that different spin states are excited and probed 
for El = 1.497 eV and 1.474 eV which become indistin¬ 
guishable at elevated temperatures (Tl > 25 K) indepen¬ 
dent of the excitation energy and the heating laser, most 
likely resulting from thermal redistribution. 

A closer insight into which states are involved in the 
measured spin transport can be gained from the T de¬ 
pendence in E field-induced spin transport. We first note 
that |u s | shows the same increase with T (here T e = Tl) 
as the electrical conductivity a c \ (black line) measured 
from 2-point I-V-curves (see Fig. [4] (b)). This implies 
that the electron density does not dependent on temper- 



Q 
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FIG. 4. (a) Linear dependence v s = lu- s E x of E field- 

driven spin drift at Tl = 10 K with spin mobility fi s = 
1160 cm 2 V -1 s~h (b) |v s | shows the same T dependence 
as the electrical conductivity a e i (black line), (c) Measured 
and simulated Einstein relation 72 = eD s /(usksT). The grey 
dashed line is the classical case 72. *1, while the black and 
green lines are simulations of the generalized Einstein relation 
for CB and DB transport, respectively. 


ature as expected for itinerant DB or CB charge carriers. 
From the spin drift velocities in Fig. [4] (b) and the spin 
diffusion constant in Fig. [ 3 ] (f) we can test the Einstein 
relation 72 = eE s /(/r s /csT) that was predicted to deviate 
from the classical value 72 = 1 for doped semiconductors 
close to the MIT at low T [24l 125] . The results in Fig. [4] 
(c) verify the predicted increase of 72 1 at low temper¬ 

atures. The grey dashed line shows the classical case for 
Boltzmann-distributed systems while the black solid and 
dashed lines are simulations of the generalized Einstein 
relation according to Ref. for CB transport with 

the Fermi-energy Ep = h 2 /{2rn* c - B ){?>Tr 2 n) 2 ^ for carrier 
densities n between 1 (lower curve) and 3 x 10 16 cm -3 
(upper curve). Remarkably, all experimental data (green 
squares) clearly exhibit larger 72 values and thus do not 
follow simple CB transport. In contrast, our data can be 
described much better by DB transport over the whole 
temperature range when assuming a Gaussian density of 
states of width AE = 6 meV where Ep is in the center of 
the band (see green line in Fig. [4] (c)). For comparison, 
we included respective curves with AE = 5 meV (lower 
curve) and 7 meV (upper curve). Surprisingly, even spins 
which are directly excited into the CB at El = 1.497 eV 
(full squares in Fig. [4] (c)) are best described by this DB 
approach despite of their distinct spin dephasing times 
at low temperatures as discussed in Fig. [ 3 ] (g). 

In conclusion, we have demonstrated lateral spin See¬ 
beck transport of optically generated spin packets in n- 
type non-magnetic GaAs which is driven by local temper¬ 
ature gradients from laser heating. In contrast to all pre¬ 
vious spin Seebeck experiments, its driving mechanism 
is free of phonon-drag contributions and purely governed 
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by excitation of a local hot electron distribution which is 
seen by a nearly temperature independent spin Seebeck 
coefficient. Furthermore, we tested the non-classical Ein¬ 
stein relation for moderately doped semiconductors and 
found a temperature dependence which can be well de¬ 
scribed by DB transport. This is unexpected as the large 
spin mobilites which are also measured in electric field- 
driven spin transport experiments, are often assigned to 
spin transport of free conduction band states. 
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